Objective: Advances in vascular reconstruction devices and coil technologies have made coil embolization a popular and effective strategy for treatment of relatively wide-neck cerebral aneurysms. However, coil protrusion occurs occasionally, and little is known about the frequency, the risk factors and the risk of thrombo-embolic complications. Method: We assessed the frequency and the risk factors for coil protrusion in 330 unruptured aneurysm embolization cases, and examined the occurrence of cerebral infarction by diffusion-weighted magnetic resonance imaging (DW-MRI).
Introduction
Recent advancements in vascular reconstruction devices and coils have allowed for the application of coil embolization for even relatively wide-neck aneurysms. Despite tight coil packing, protrusion of coil segments out of the aneurysm and into the parent artery still occurs. It is generally believed that protrusion of only a few loops does not pose an additional risk if appropriate antiplatelet therapy is used. 1 Alternatively, moderate to severe coil protrusion into the parent artery may necessitate coil retrieval or stent deployment in the parent artery. 2 However, there are few reports assessing the frequency of thrombo-embolic events, associated with various degrees of coil protrusion. [3] [4] [5] Specifically, we are aware of no studies assessing (1) whether 3D coils or balloon assistance are useful for the prevention of coil protrusion, or (2) if there are differences in thrombo-embolic event risk between procedures using various coil types (bioactive coils or coils of variable thickness) or when there are different degrees of coil protrusion. In this study, we assessed the risk factors for coil protrusion and the frequency of thrombo-embolic events in such cases by diffusionweighted magnetic resonance imaging (DW-MRI).
Materials and methods
We reviewed 330 consecutive cases of unruptured cerebral aneurysm embolization (82 males, 248 females, overall mean age: 60.8 years) treated at our facility from April 2004 to May 2013. We started dual antiplatelet therapy one week before the operation (aspirin 100 mg plus clopidogrel 50À75 mg or cilostazol 200 mg if side-effects occurred on aspirin plus clopidogrel). The operations were performed under general anesthesia. Activated clotting time (ACT) was maintained as the normal time two to three times during the operation. A 5 F Axcelguide (Medikit, Tokyo) was usually introduced as the guiding catheter at the level of the cranial base of the target vessel and a microcatheter, such as Excelsior 10, Tracker 17 (Stryker, Cork, Ireland), Echelon 10 (ev3 Neurovascular, Irvine, CA, USA), or Headway 17 (MicroVention, Inc. Terumo, Tokyo), was advanced into the aneurysm. Common coils used were Target (Stryker, Fremont, CA, USA), Axium (ev3 Neurovascular, Irvine, CA, USA), ED (Kaneka, Osaka), Orbit Galaxy (Codman & Shurtleff Inc. Raynham, MA, USA), and Penumbra (Penumbra, Inc. Alameda, CA, USA). We used balloon neck plasty with hyperform/hyperglide (ev3 Neurovascular, California, USA) or the double catheter technique for wide-neck aneurysms. In post-operative antiplatelet therapy, the dosage and duration remains controversial; 6-8 thus, we often continued clopidogrel for one or two months after embolization, according to the neck width of aneurysm.
We excluded patients who (1) were treated by joint operation with craniotomy, (2) required a stent, or (3) experienced aneurysm rupture during the procedure, because thrombo-embolic events in these cases were more difficult to identify. Cases of coil protrusion were subgrouped according to form (tail-type, loop-type, mass-type protrusions), the degree of protrusion into the parent vessel (mild: 30%, moderate: 30%-70%, severe: 70% or more), and the position in the vessel (inner side, outer side) ( Figure 1 ). We assessed the following candidate risk factors: age, sex, patients' past history, aneurysm size, the length of the aneurysm neck, frame coil shape (3D, helical), coil thickness (0.010, 0.012, 0.014, 0.018 or 0.020 inch), coil length, coil length to size ratio, volume embolization rate (VER), and the timing of coil protrusion (during framing, filling or finishing). The adequacy of coil framing was evaluated by two or more endovascular experts according to whether the frame covered the aneurysm neck tightly enough for stability. For mild or moderate coil protrusion cases, we maintained adequate blood flow by increasing post-operative antiplatelet therapy, such as adding ozagrel sodium 160 mg/day or heparin 20,000 U/day for 1 day to dual antiplatelet therapy (aspirin and clopidogrel) or by prolonged administration of one antiplatelet agent (2-6 months). Because the term of antiplatelet therapy varied across patients, we also assessed the total amount administered (the product of the uptake in mg/day and duration in days). For severe coil protrusions that delayed blood flow, we tried to retrieve the coil with a snare. DW-MRI was performed a few days, three months, six months and one year after the operation with 3 T MRI scanner (Philips Achieva 3.0 T TX, Best, Netherlands). The parameters of the DWI were as follows: b values, 0 and 1000 s/mm 2 ; TR/ TE, 5750/76; matrix, 144 Â 130; field of view, 23 Â 23 cm; Figure 1 . Coil protrusions were subgrouped according to form, the degree of protrusion into the parent vessel and the position in the vessel. section thickness, 5 mm; and intersection gap, 1.5 mm. We assessed cerebral infarction by DW-MRI, symptoms, and the modified Rankin Scale (mRS). Cerebral infarctions were classified by size and by area as small lesions 5 mm, large territorial infarctions >5 mm, cortical area lesion, and (or) perforating area lesions. The risk factors for coil protrusion and the association with post-operative cerebral infarction were evaluated by calculating 95% confidence intervals (CI). Multivariate logistic regression was performed using R version 3.1 using a stepwise procedure.
Results
Of the 330 consecutive cases included in this retrospective study, 214 aneurysms were in the internal carotid artery, 42 in the anterior cerebral artery, 38 in the middle cerebral artery, three in the posterior cerebral artery, and 33 in the basilar-vertebral artery. The median maximum dimension was 6 mm (range 3-23.2 mm), the median minimum dimension was 4.5 mm (range 2.4-18.3 mm), and the median neck size was 4 mm (range 1.4À9.7 mm). Balloon neck plasty and the double catheter technique were performed for 172 cases and five cases, respectively; the mean VER was 33.5% (range 8.6%-61.1%) ( Table 1) .
Coil protrusion occurred in 44 cases (13.3% of the total), including 26 cases of internal artery aneurysm, eight of anterior cerebral artery aneurysm, four of middle cerebral artery aneurysm, three of posterior cerebral artery aneurysm and three of basilar-vertebral artery aneurysm. Twenty-one cases with coil protrusion despite the balloon neck plasty and one case despite the double catheter technique were observed. In nine cases, the neck frame was judged as being loose and unstable. Coil protrusion most frequently occurred during the second half of the procedure at the time of detachment (one case during framing, 15 during filling and 22 while finishing). Similarly, the prolapsed coils were framing coils in ten cases, last coils in 18 and other coils in 16. Of the remaining three cases, one occurred while pulling the balloon (Figure 2a and b); VER 42.3%), one while pulling the catheter (Figure 2c and d) , and one was detected by angiography six months after the operation (Figure 2e and f), VER 46.7%). Such unexpected coil protrusions were comparatively more common in high VER cases.
The protrusion was loop type in 32 cases (25 cases with one loop, six with two loops, one with three loops), tail type in ten and mass type in two. The position of the prolapsed coil in the vessel was the inner side in 20 cases and the outer side in 24 cases. The extent of protrusion into the parent vessel was mild in 30 cases, moderate in six and severe in eight.
We precisely confirmed the degree and position of protruded coils in the vessel with 3D-angiography and evaluated the presence of delay in blood flow, risk of thrombo-embolic event and possibility of their reinsertion into the aneurysm with a balloon press. Reinserting the protruded coil by entangling it with the next coil could possibly cause the deterioration of the coil protrusion. In 29 cases the coils protruded to the centre of the vessels, which could result in a thrombo-embolic event; therefore, we attempted to press the protruded coil back into the aneurysm. These measures succeeded in reducing the protrusion in ten cases. The protruded coils were central in the vessel in all ten improved cases and were loop type in nine of these cases; however, VER and other factors were not associated with the improvement. One of two cases in which we tried to retrieve the coil with a goose neck snare (Covidien, Tokyo, Japan) also succeeded. Therefore, there were only 33 cases of coil protrusion (10% of the total), including 19 cases of internal artery aneurysm, six of anterior cerebral artery aneurysm, three of middle cerebral artery aneurysm and, three of posterior cerebral artery aneurysmand two of basilar-vertebral artery aneurysm, after surgery in this case series (Table 1) . Post-operative DW-MRI revealed a high-intensity signal in 86 cases of the no coil protrusion group (29% of the total), including 81 cases with small infarction and five with large infarction. Lesions in a cortical area (75 cases) were more frequent compared with those in the perforating area (11 cases) ( Table 1) . Symptomatic infarction occurred in 12 cases (3.6% of the total case series) and included seven cases of hemiparesis (mild in five cases, moderate in one and severe in one), one of paresthesia, two of visual field deficit and two of aphasia. Three cases had an mRS of >2, although most symptoms were transient. High-intensity signals on DW-MRI were detected in 11 cases of the coil protrusion group (33.3% of the total), including ten cases with small infarction and one with large infarction, eight with cortical area infarction and three of infarction in the perforating area. All coil protrusion cases were asymptomatic. One case complicated by cerebral infarction at three months after the operation had Moyamoya disease as the primary disorder; therefore, the lesion was presumed to be unrelated to coil protrusion. Two of five coil protrusion cases using bioactive coils showed asymptomatic infarction.
Each doctor administered various therapies for the prevention of cerebral infarction after coil protrusion. The more severe the coil protrusion, the stronger the antiplatelet and anticoagulant therapy required. Antiplatelet therapy was post-operatively increased in 14 of the 33 coil protrusion cases. Dual antiplatelet therapy was administered in eight cases for a few months. Of these, five cases had no infarction, two had asymptomatic small infarction and one had asymptomatic moderate infarction. Post-operative continuous heparinization was performed in four cases, of which two showed no infarction and two showed asymptomatic small infarction. No infarction was observed in the two cases that were administered ozagrel sodium by drip infusion.
We analysed the risk factors of coil protrusion in a total of 44 cases, including cases during the procedure; however, the relation between coil protrusion and postoperative infarction on MRI was analysed only in 33 post-operative cases, excluding the restored cases. Multivariate logistic regression of candidate risk factors for coil protrusion revealed a correlation with inadequate neck framing (OR ¼ 5.49, P ¼ 0.0007) and wide-neck aneurysm (OR ¼ 1.84, P ¼ 0.03) ( Table 2 ). The frame coil shape (3D, helical), frame coil thickness, or use of balloon assistance was not a significant risk factor. Longer operation time was a significant risk factor for post-operative infarction on MRI (2-4 hours: OR ¼ 2.25, P ¼ 0.02; >4 hours: OR ¼ 3.65, P ¼ 0.0003), while neither coil nor perfusion type was a significant risk factor for infarction (Table 3) .
Follow-up angiography six months post surgery demonstrated improvement in four cases, including three in which the coil moved into the aneurysm and one where it stuck to the vessel wall (Figure 2g and h) . Only one case exhibited deterioration (from single-loop mild protrusion to three-loop moderate protrusion); however, adequate blood flow was maintained, obviating complications. Most of the other coil protrusion cases eventually stopped antiplatelet therapy, and MRI one year later showed no signs of infarction or an increase in the severity of coil protrusion.
Discussion
Coil protrusion during coil embolization for cerebral aneurysm is relatively common, with incidence estimates ranging from 5.2% to 18.9%; 3, 4 however, few studies have assessed the risk factors for coil protrusion. Thrombo-embolic events have been reported in 1%-28% of coil protrusion cases, with high-intensity signals on DW-MRI, which are indicative of infarction, in approximately 60% of these cases. Thus, dual antiplatelet therapy or post-operative heparinization is recommended to reduce the risk of infarction in cases of coil embolization. 6, 7 Whether coil protrusion into the parent artery increases the risk of thrombo-embolic events is still debated, but coil retrieval 3, 4 or parent artery stent deployment 2 is usually recommended for severe protrusion cases. Recently, coils have been introduced with new features (such as bioactive coils and coils of a variety of thicknesses and shapes) that may affect the frequency of thrombo-embolic events following coil protrusion. We found no obvious differences in the incidence of cerebral infarction on post-operative MRI, although we used a variety of different coil conformations and did not analyse individual risks for different coils. 4 However, we did assess several other candidate risk factors for coil protrusion, as well as the relationship between coil protrusion and high-intensity signals on DW-MRI. In total, 13.3% of cases showed coil protrusion during the procedure, although ten cases were intra-operatively improved by balloon press or by insertion of the next coil. In addition, we were able to retrieve the collapsed coil in one case; therefore, coil protrusion occurred in only 10% of surgeries. Mild coil protrusion occurred in all three cases of posterior cerebral artery aneurysm, possibly because we could not use a balloon press in such fine vessels and because the aneurysm neck was relatively wide in all cases. Coil protrusion tended to occur during the later phase of the operation. Significant risk factors were inadequate for stable neck framing and wide-neck aneurysm ( Table 2 ). If the coil frame does not adequately stabilize the aneurysm neck, which is particularly problematic for wide and irregular necks, surgeons should reinforce the frame with another coil. Small coils (such as 1 mm coils) are particularly prone to migrate into the parent artery if the frame around the aneurysm neck is loose. We often use a 3D coil at the last stage and entangle it with the previously inserted coils to prevent coil migration. Because one coil protrusion case occurred using a pulling catheter and another when using a pulling balloon (Figure 2a-d) , extra attention should be paid to aneurysms embolized at high VER (>40%) to avoid the abrupt movement of the vessel when pulling these devices.
Post-operative DW-MRI showed high-intensity signals in 33% of cases with coil protrusion and 29% of cases with no coil protrusion. Moreover, there was no significant difference in post-operative symptoms or mRS. Multiple regression analysis revealed that longer operation time increased the risk of cerebral infarction (2-4 hours: OR ¼ 2.25, P ¼ 0.02; > 4 hours: OR ¼ 3.65, P ¼ 0.0003). In contrast, the form of coil protrusion, the degree of coil protrusion, the coil type used and balloon assistance were not significant risk factors (Table 3) .
We speculate that there was no difference in the incidence of high-intensity signals on DW-MRI between the two groups because we administered prolonged and additional antiplatelet therapy for moderate or severe coil protrusion cases. Determining the exact causes of cerebral infarction is difficult because blood flow may be disrupted by a thrombus around the coil, during introduction of guiding catheters, during use of the balloon or by other disease-related factors. However, post-operative dual antiplatelet therapy or continuous drip infusion (ozagrel sodium or heparin) was effective for preventing infarction. 8 Moreover, termination of antiplatelet therapy did not increase the incidence of high-intensity signals on DW-MRI in cases of mild coil protrusion because follow-up MRI at three months post surgery revealed no new infarctions, although most coil protrusion cases had already stopped antiplatelet therapy. Perhaps tail-and looptype coil protrusions are relatively safe if the coils stick to the vessel wall, allowing adequate blood flow.
The present study has several limitations that should be considered. First, this is a retrospective study of a small-sized sample (330); therefore, inaccurate or insufficient assessment may have occurred. Second, because each doctor administered varied antiplatelet therapies for coil protrusion, the appropriate dosage for the antiplatelet therapy could not be determined; nevertheless, the strong antiplatelet therapy seemed to be effective. Follow-up MRI six months later demonstrated four improved cases. However, one mild coil protrusion case worsened into moderate protrusion, and a new coil protrusion appeared in one case (Figure 2e and f) . Thus, physicians should carefully monitor the coil shape on X-ray and blood flow on magnetic resonance angiogram (MRA), particularly in high VER cases, given the possible risk of deterioration of coil protrusion. Digital subtraction angiography would be necessary if the depiction of parent artery around the coil mass on MRA tapers gradually, although precise assessment may be difficult for individual cases because of the metal artifact.
Conclusions
Wide-neck aneurysms with unstable and loose neck framing are prone to coil protrusion. The incidence of high-intensity signals on DW-MRI did not significantly differ between coil protrusion and no-protrusion groups. Additional antiplatelet therapy may be useful for maintaining adequate blood flow during the acute phase; however, this treatment may be unnecessary during the chronic phase if there is adequate blood flow.
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